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During the last fifty-one years, the effect of excitation of the quantum vacuum field induced by its coupling
with a moving object has been systematically studied. Here, we propose and investigate a somewhat inverted
setting: an object, initially at rest, whose motion becomes induced by an excitation of the quantum vacuum
caused by the object itself. In the present model, this excitation occurs asymmetrically on different sides of the
object, by a variation in time of one of its internal characteristic parameters, which couple it with the quantum
vacuum field.
I. INTRODUCTION
In 1969, Gerald T. Moore published in his PhD thesis the
prediction that a mirror in movement can excite the quan-
tum vacuum, generating photons [1]. This effect is nowadays
known as the dynamical Casimir effect (DCE) and was in-
vestigated, during the 1970s, in other pioneering articles by
DeWitt [2], Fulling and Davies [3, 4], Candelas and Deutsch
[5], among others. Since then, many other authors have ded-
icated to investigate the DCE (some excellent reviews on the
DCE can be found in Ref. [6–9]).
In his pioneering work, Moore remarked that “to practi-
cal experimental situations, the creation of photons from the
zero-point energy is altogether negligible” [1]. In an attempt
to overcome this difficulty, several ingenious proposals have
been made aiming to observe the particle creation from vac-
uum by experiments based on the mechanical motion of a
mirror [10–13], but this remains as a challenge [9]. How-
ever, the particle creation from the vacuum occurs, in gen-
eral, when a quantized field is submitted to time-dependent
boundary conditions, with moving mirrors being a particu-
lar case. Therefore, it is not necessary to move a mirror to
generate real particles from the vacuum. Within this more
general view, alternative ways to detect particle creation from
vacuum were inspired in the ideas of Yablonovitch [14] and
Lozovik et al. [15], which consist in exciting the vacuum
field by means of time-dependent boundary conditions im-
posed to the field by a motionless mirror whose internal prop-
erties rapidly vary in time. In this context, Wilson et al. [16]
observed experimentally the particle creation from vacuum,
using a time-dependent magnetic flux applied in a coplanar
waveguide (transmission line) with a superconducting quan-
tum interference device (SQUID) at one of the extremities,
changing the inductance of the SQUID, and thus yielding a
time-dependent boundary condition [16]. Other experiments
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have also been done [17–19], and other have been proposed
[20–27].
When an object moves imposing changes in the vacuum
field, the latter offers resistance, extracting kinetic energy
from the object, which is converted into real particles. In this
case, one can say that the net action of the vacuum is against
the motion. Here, we propose and investigate a somewhat
inverted situation: an object, initially at rest, whose motion
becomes induced by an excitation of the quantum vacuum
caused by the object itself. In other words, we are looking
for a situation where the vacuum field acts in favor of the mo-
tion. With this in mind, we propose a model where an object
imposes a change to the quantum field by the time variation of
the internal properties of the object. Resisting to this change,
the vacuum field extracts energy from the object, exciting the
quantum field and converting the energy into real particles. A
fundamental point of the model presented here is that, to get
in motion, the object has to excite the quantum vacuum differ-
ently on each side, which requires that an asymmetry must be
introduced in the object. Taking into account the same simpli-
fied one-dimensional model considered in the pioneering ar-
ticles on the DCE [1–5], we consider the coupling of a static
point object with a quantum real scalar field in (1+1)D via a
δ − δ′ potential, which simulates a partially reflecting object
with asymmetric scattering properties on each side [28, 29].
When the coupling parameters vary in time, this model simu-
lates an object exciting asymmetrically the fluctuations of the
quantum vacuum, which produces a non-null mean force act-
ing on the object, so that it can get in motion. Then, instead of
against, the vacuum acts in favor of the motion. But, not com-
pletely in favor, since, once in motion, a dynamical Casimir
force acts on the object, so that part of its kinetic energy is
extracted by the vacuum fluctuations and returns to the field.
II. THE INITIAL MODEL
We are interested in an object whose interaction with the
field is described by an asymmetric scattering matrix, intend-
ing to excite asymmetrically the quantum vacuum fluctua-
tions. The interaction between the object and the field de-
scribed by a Dirac δ potential produces a (left-right) symmet-
2ric scattering matrix [30, 31]. Therefore, to generate an asym-
metry, we also consider the presence of an odd δ′ term in the
description of the interaction, so that our starting point is the
following lagrangian for a real massless scalar field in (1+1)D:
L = L0 − [µ (t) δ (x) + λ0δ
′ (x)]φ2 (t, x) , (1)
where L0 = [∂tφ (t, x)]
2 − [∂xφ (t, x)]
2 is the lagrangian for
the free field, and the real parameters λ0 and µ, together with δ
and δ′ functions, describe the coupling between the quantum
field and a static object located at the point x = 0. These
coupling parameters are related to the internal properties of
the object. The parameter µ is a prescribed function of time:
µ(t) = µ0[1 + ǫf(t)], where µ0 ≥ 0 is a constant, f(t) is
an arbitrary function such that |f(t)| ≤ 1 and ǫ ≪ 1. In this
way, the parameter µ is a perturbation in time around the value
µ0. We consider that this time variation of the parameter µ
occurs at the expense of the internal energy of the object, with
null heat transfer between the object and the environment. As
we discuss next, the point object described by this model is
partially reflective, so that a modification in the parameter µ
means a change in the transmission and reflection coefficients.
Hereafter, we consider that c = ~ = 1, tilde indicates the
Fourier transform, and the subscript + (−) indicates the right
(left) side.
The field equation for this model is given by (∂2t −
∂2x)φ(t, x) + 2 [µ(t)δ(x) + λ0δ
′(x)] φ(t, x) = 0. It will be
convenient to split the field as φ(t, x) = Θ(x)φ+(t, x) +
Θ(−x)φ−(t, x), where Θ(x) is the Heaviside step function
and φ+ (φ−) is the field for x > 0 (x < 0). The fields φ+
and φ− are the sum of two freely counterpropagating fields,
namely φ+(−)(t, x) = ϕout(in)(t− x) + ψin(out)(t+ x), where
the labels “in” and “out” indicate, respectively, the incom-
ing and outgoing fields with respect to the object located at
x = 0 (see Fig. 1.a). In terms of the Fourier transforms,
we can write φ+(−)(t, x) =
∫
dω
2π φ˜+(−)(ω, x)e
−iωt, where
φ˜+(−)(ω, x) = ϕ˜out(in)(ω)eiωx + ψ˜in(out)(ω)e−iωx. From the
field equation, we get the matching conditions φ˜(ω, 0+) =
[(1+λ0)/(1−λ0)]φ˜(ω, 0−) and ∂xφ˜(ω, 0+) = [(1−λ0)/(1+
λ0)]∂xφ˜(ω, 0
−)+[2/(1−λ20)]
∫
dω′
2π µ˜(ω−ω
′)φ˜(ω′, 0−). Af-
ter an algebraic manipulation in these equations, we obtain the
outgoing fields in terms to the incoming ones
Φout(ω) = S0(ω)Φin(ω) +
∫
dω′
2π
δS1(ω, ω
′)Φin(ω
′)
+
∫
dω′
2π
∫
dω′′
2π
δS2(ω, ω
′, ω′′)Φin(ω
′′), (2)
where
Φout(ω) =
(
ϕ˜out(ω)
ψ˜out(ω)
)
, Φin(ω) =
(
ϕ˜in(ω)
ψ˜in(ω)
)
. (3)
In Eq. (2), S0(ω) is the 2 × 2 unitary scattering matrix de-
scribed by only constant parameters, namely:
S0(ω) =
(
s+(ω) r+(ω)
r−(ω) s−(ω)
)
, (4)
where s±(ω) = ω(1 − λ20)/[iµ0 + ω(1 + λ
2
0)] and r±(ω) =
−(iµ0∓2ωλ0)/[iµ0+ω(1+λ20)] are the transmission and re-
flection coefficients, respectively. Notice that s+(ω) = s−(ω)
and r+(ω) 6= r−(ω), but the change λ0 ↔ −λ0 leads to
r+(ω) ↔ r−(ω), i.e. the object shifts its material properties
from one side to the other. In addition, S0(ω) is analytic for
Imω > 0 (as required by causality [32, 33]) and real in the
temporal domain. The terms δS1(ω, ω′′) and δS2(ω, ω′, ω′′)
are asymmetric matrices, which represent respectively the
first-order and second-order corrections to the scattering ma-
trix due to the time-dependence of the parameter µ via f(t).
They are given explicitly by δS1(ω, ω′) = ǫα(ω, ω′)S(ω′)
and δS2(ω, ω′, ω′′) = ǫ2α(ω, ω′)α(ω′, ω′′)S(ω′′), where
α(ω, ω′) = −iµ0f˜(ω − ω′)/[iµ0 + ω(1 + λ20)] and
S(ω) =
(
s+(ω) 1 + r+(ω)
1 + r−(ω) s−(ω)
)
. (5)
Particularly, the limit µ0 → ∞ leads to the case of a per-
fectly reflecting object [i.e. s±(ω)→ 0] imposing to the field
the Dirichlet boundary condition in both sides. Equivalently,
r±(ω) → −1, which leads to δS1 → 0 and δS2 → 0 and,
therefore, recovers the configuration of a perfectly reflecting
object whose material properties do not vary in time. On the
other hand, the limit λ0 → 1 (λ0 → −1) also leads to a per-
fectly reflecting object, but imposing to the field the Robin and
Dirichlet (Dirichlet and Robin) boundary conditions at the left
and right (right and left) sides of the object, respectively.
Figure 1. Illustration of the excitation of the quantum vacuum by an object
fixed at x = 0, whose asymmetry in its scattering matrix is represented by its
two faces in gray and black. The dashed wavy lines represent the unperturbed
“in” fields ϕin(t − x) (left) and ψin(t + x) (right). (a) Object in the remote
past (t → −∞), with µ(−∞) = µ0 (the “in” state of the problem). The
solid-gray and solid-dark wavy lines represent the unperturbed “out” fields
ψout(t+x) (left) and ϕin(t−x) (right), respectively. (b) Object at an instant
t, with its parameter µ varying in time. The irregular parts of the solid-gray
and of the solid-dark wavy lines represent the perturbed parts of the “out”
fields ψout(t + x) (left) and ϕout(t − x) (right), respectively. (c) The object
in the far future (t → +∞), with µ(+∞) = µ0 (the “out” state, when we
calculate the number of created particles, which are represented by the dark
points). Note that we have more particles produced in the left side.
3III. SPECTRUM, ENERGY AND MOMENTUM
Let us consider the initial situation (t → −∞) when the
object is static at x = 0, its internal characteristic parame-
ters [λ0, µ(−∞) = µ0] are constant, and the state of the field
is the quantum vacuum (see Fig. 1.a). At some time, the
internal properties of the object start to vary [µ0 → µ(t)],
changing the boundary conditions imposed to the field, excit-
ing the fluctuations of the quantum vacuum (see Fig. 1.b).
The final situation (t → +∞) is when the object recovers
its constant internal characteristic parameters [λ0, µ(+∞) =
µ0], and real particles were created (see Fig. 1.c). The
spectrum n(λ0, ω) of created particles can be computed by
n(λ0, ω) = 2ωTr 〈0in|Φout(−ω)ΦTout(ω) |0in〉 [33]. From Eq.
(2), calculated at order up to O(ǫ2), we have that n(λ0, ω) =
n+(λ0, ω) + n−(λ0, ω), where
n±(λ0, ω) =
ǫ2
2π2
(1 ± λ0)
2(1 + λ20)
∫ ∞
0
dω′η(λ0, ω, ω
′),
(6)
where η(λ0, ω, ω′) = Υ(λ0, ω)Υ(λ0, ω′)|f˜(ω + ω′)|2, with
Υ(λ0, ω) = µ0ω/
[
µ20 + ω
2(1 + λ20)
2
]
.
From Eq. (6), we get n−(λ0, ω) =
[(1− λ0)/(1 + λ0)]2n+(λ0, ω), which means that the
spectrum for one side of the object differs from the other
one by a frequency-independent global factor. For λ0 > 0,
n−(λ0, ω) is smaller than n+(λ0, ω) for all frequencies, and
the opposite occurs for λ0 < 0.
The total number of created particles is given by N (λ0) =∫∞
0
dω n(λ0, ω), and the number in each side of the ob-
ject is N±(λ0) =
∫∞
0
dω n±(λ0, ω), so that we can write
N−(λ0) = [(1− λ0)/(1 + λ0)]2N+(λ0). Note thatN (λ0) is
greater in the right side of the object if λ0 > 0, and smaller
if λ0 < 0 (this latter case is illustrated in Fig. 1.c). Particu-
larly, for the perfectly reflecting cases where λ0 = ±1, we get
N−(1) = N+(−1) = 0, so that the particles are created just
in one side of the object.
The energy and momentum of the created particles in each
side are given, respectively, by E±(λ0) =
∫∞
0 dωωn±(λ0, ω)
and P±(λ0) = ±
∫∞
0 dωωn±(λ0, ω). The total energy E and
momentum P are E(λ0) = E+(λ0) + E−(λ0) and P(λ0) =
P+(λ0) + P−(λ0). Specifically,
P(λ0) =
2ǫ2
π2
λ0(1 + λ
2
0)
∫ ∞
0
dω
∫ ∞
0
dω′ωη(λ0, ω, ω
′),
(7)
which is negative for λ0 < 0 and positive for λ0 > 0. Then,
a static object, initially fixed at x = 0, having its internal
properties varying in time, can excite asymmetrically the fluc-
tuations of the quantum vacuum, generating into the field a
net momentum P(λ0) 6= 0. For instance, for a perfectly re-
flecting case where λ0 = 1 [λ0 = −1], we obtain P−(1) = 0
[P+(−1) = 0], so that momentum is transferred to the field
(by exciting it) just in one of the sides of the object. This net
momentum implies in a net force acting on the object.
IV. FORCE ON THE STATIC OBJECT
Let us now obtain the expression for the force acting
on the object at x = 0 due to the field fluctuations (see
Fig. 1.b). The components of the energy-momentum ten-
sor for a scalar field in 1 + 1 dimensions are given, in
terms of the counterpropagating fields ϕ and ψ, by: T00 =
T11 = [ϕ
′(t− x)]2 + [ψ′(t+ x)]2 ≡ E(t, x), and T01 =
T10 = [ϕ
′(t− x)]2 − [ψ′(t+ x)]2 ≡ P (t, x), where
E(t, x) and P (t, x) are the energy and momentum densi-
ties respectively, and their mean values can be written as
〈Ej(t, x)〉 = Tr[∂t∂t′〈Φj(t, x)Φ
T
j (t
′, x′)〉]t=t′ and 〈Pj(t, x)〉
= Tr[diag(1,−1)∂t∂t′〈Φj(t, x)ΦTj (t
′, x′)〉]t=t′ , where j =
out, in, and Tr [ · · · ] stands for the trace operation. The force
acting on the object due to the field fluctuations can be found
as the difference between the radiation pressure (the T11 com-
ponent of the energy-momentum tensor), on the left and on
the right sides of the object. Therefore, the force is given by
Fµ(t) = 〈Pin(t, 0)− Pout(t, 0)〉. This force can be written as
Fµ(t) ≈ F
(1)
µ (t)ǫ + F
(2)
µ (t)ǫ
2. (8)
Taking the Fourier transform of Eq. (8) and considering Eq.
(2), we obtain F˜µ(ω) ≈ F˜
(1)
µ (ω)ǫ + F˜
(2)
µ (ω)ǫ2, where the
mean value was taken considering a vacuum as the initial
state of the field, the first-order term is F˜ (1)µ (ω) = χ1(ω)f˜(ω)
where
χ1(ω) =
2λ0ω
2
π̺2(λ20 + 1)
{
̺+ i
̺+ 2i
[2i arctan̺−ln(̺2+1)]−i̺
}
,
and ̺ = (λ20 + 1)ω/µ0, the second-order term is F˜
(2)
µ (ω) =∫
dω′dω′′χ2(ω, ω
′, ω′′)α(ω′,−ω′′)α(ω − ω′′, ω′) where
χ2(ω, ω
′, ω′′) = λ0[ω
′′/2− h(−ω′)Θ(ω′′)ω′2(1 + λ20)]
×h(ω′′)(ω − ω′′)sgn(ω′′)/π2,
and we defined h(ω) = [iµ0 + ω(1 + λ20)]
−1.
V. FREE TO MOVE
So far, the object was considered to be fixed at x = 0, as
described by the langrangian (1). Now, let us consider that
the object, initially (t → −∞) at rest at x = 0 (Fig. 2.a),
is free to move (Fig. 2.b and 2.c). This freedom implies in
an increase of the complexity of the problem. For instance,
the boundary condition imposed to the field on the static ob-
ject at x = 0, must now be replaced by a boundary condi-
tion considered in the instantaneous position of the moving
object, observed from the point of view of an inertial frame
where the object is instantaneously at rest (called tangential
frame), and then be mapped into a boundary condition viewed
by the laboratory system [29, 32, 34–36]. This means that
the force Fµ(t) [Eq. (8)] needs to be replaced by a modified
Fµq(t, q˙(t)), which now can depend on the velocity of the ob-
ject [for consistency, we consider that Fµq(t, 0) = Fµ(t)].
Moreover, in addition to the force Fµq(t, q˙(t)), the motion of
4the object gives rise to an extra disturbance to the vacuum
field, from which arises an additional (dynamical Casimir)
force acting on the object. This force is here represented by
Fq(∂
3
t q(t), ∂
4
t q(t), ...), so that it acts on non-uniformly accel-
erating objects (see, for instance, Ref. [3, 37]). For consis-
tency, we assume that, for a static object, Fq(0, 0, ...) = 0. As
an example, if one considers, for instance λ0 → −1, the ob-
ject imposes to the field on the left side the Robin BC, and on
right the Dirichlet BC. For this case, Fq(∂3t q(t), ∂
4
t q(t), ...) ≈
1/(6π)∂3t q(t) − 1/(6πµ0)∂
4
t q(t) [32, 38]. In summary, free
to move, two forces act on the object, a force Fµq(t, q˙(t))
(related to the time-varying properties of the object), and the
force Fq(∂3t q(t), ∂
4
t q(t), ...) (related to the motion of the ob-
ject).
Figure 2. Illustration of an object, initially at rest (2.a) but free to move
[(2.b) and (2.c)], whose motion becomes induced by an excitation of the
quantum vacuum caused by the object itself. The object, characterized by
an asymmetric scattering matrix, is represented by a circle with two faces
in gray and black. The dashed wavy lines represent the unperturbed “in”
fields ϕin(t − x) (left) and ψin(t + x) (right). (a) The object in the re-
mote past (t → −∞), with µ(−∞) = µ0 (the “in” state of the prob-
lem). The solid-gray and solid-dark wavy lines represent the unperturbed
“out” fields ψout(t + x) (left) and ϕout(t − x) (right), respectively. (b)
The object at an instant t, when the parameter µ is varying in time. The
irregular parts of the solid-gray and of the solid-dark wavy lines represent
the perturbed parts of the “out” fields ψout(t + x) (left) and ϕout(t − x)
(right), respectively. Under this situation, the object is subjected to the force
F
(1)
µq (t, q˙(t))ǫ + F
(2)
µq (t, q˙(t))ǫ
2 + Fq(∂3t q(t), ∂
4
t q(t), ...) and gets is in
motion. (c) The object in the far future (t → +∞), with µ(+∞) = µ0
(the “out” state, when we calculate the number of created particles, which
are represented by the dark points), moving with a final constant velocity vf .
Note that we have more particles produced in the left side, coinciding in this
illustration with a larger flux of particle momentum.
From the energy conservation, and considering that the ex-
citation of the quantum vacuum occurs at the expense of the
energy of the object [so that its initial mass M0 becomes
time-dependent (M0 →M⋆0 (t))], we haveM
⋆
0 (t) ≈ M0[1 −
Efield(t)/M0]/[1+ q˙(t)2/2], where Efield(t) is the energy stored
in the field, the velocities of the object are considered non-
relativistic (we remember that we are considering c = 1).
We consider, now, the approximations Efield(t)/M0 ≪ 1,
which means that the energy Efield(t) is negligible if com-
pared with the initial energy of the object. We also consider
the non-relativistic assumption q˙(t)2 ≪ 1. Then we have
M⋆0 (t) ≈M0.
Considering all forces acting on the object, we have the
equation of motion Fµq(t, q˙(t)) + Fq(∂3t q(t), ∂
4
t q(t), ...) ≈
M0q¨(t). We also consider that, up to second order in
ǫ, the force Fµq(t, q˙(t)) can be written as Fµq(t, q˙(t)) ≈
F
(1)
µq (t, q˙(t))ǫ + F
(2)
µq (t, q˙(t))ǫ2, which is an extension of Eq.
(8), assuming F (1)µq (t, 0) = F
(1)
µ (t), and F
(2)
µq (t, 0) = F
(2)
µ (t).
Then, we write the equation of motion as: F (1)µq (t, q˙(t))ǫ +
F
(2)
µq (t, q˙(t))ǫ2 +Fq(∂
3
t q(t), ∂
4
t q(t), ...) ≈M0q¨(t). Now, one
can use two of the degrees of freedom of the model, namely
the value of ǫ and the initial mass M0, to simplify the prob-
lem. For instance, let us consider the changes ǫ → 10pǫ,
and M0 → 102pM0 (with p > 0) to build a new situa-
tion for which the equation of motion is F (1)µq (t, q˙(t))ǫ/10p +
F
(2)
µq (t, q˙(t))ǫ2 + Fq(∂
3
t q(t), ∂
4
t q(t), ...)/10
2p ≈ M0q¨(t). In-
creasing the value of p, we can inhibit the effect of the first
and third terms in the last equation, so that we can set up a
situation where these terms can be neglected in comparison
with the second one, resulting in the approximate equation
of motion F (2)µq (t, q˙(t))ǫ2 ≈ M0q¨(t). In other words, for a
suitable choice of the initial mass M0, the force F
(2)
µq (t, q˙(t))
defines effectively the trajectory of the object. Following with
the simplification of the problem, keep increasing the mass
M0 one can produce smaller accelerations, so that the ve-
locities of the object are of such magnitude that the bound-
ary condition imposed by the object on the field, consid-
ered by the tangential frame, after mapped into the boundary
condition viewed by the laboratory system, can be approxi-
mately given by F (2)µq (t, q˙(t)) ≈ F
(2)
µq (t, 0) = F
(2)
µ (t). With
this approximation, we have the equation of motion given by
F
(2)
µ (t)ǫ2 ≈M0q¨(t). Integrating in time,
∫ +∞
−∞
F
(2)
µ (t)dt, us-
ing the mentioned formula shown for F˜ (2)µ (ω), the property
η(λ0,−ω,−ω′) = η(λ0, ω, ω′) = η(λ0, ω′, ω), and also con-
sidering that q˙(−∞) = 0, after some calculations we get
vf = −P(λ0)/M0, (9)
where vf = q˙(+∞) is the asymptotic final velocity. Note
that −P(λ0) is the opposite of the net momentum transferred
from the object to the field [see Eq. (7)], so that the momen-
tum transferred to the object, caused by the action of the force
F
(2)
µ (t)ǫ2, is directly correlated with the particle creation pro-
cess. This situation is illustrated in Figs. 2.c and 3.a.
Let us give attention to another situation. The values of
ǫ and p can be chosen in such way that the term related to
F
(1)
µq (t, q˙(t)) becomes dominant in relation to F
(2)
µq (t, q˙(t))ǫ2.
We consider [as done in a similar way for F (2)µq (t, q˙(t))ǫ2] the
approximationF (1)µq (t, q˙(t)) ≈ F
(1)
µq (t, 0) = F
(1)
µ (t). It can be
shown that
∫ +∞
−∞
F
(1)
µ (t)dt = 0, which means that, although
this force makes the position of the object vary in time, the
total net momentum transferred to the object is null. This sit-
uation is illustrated in Fig. 3.b.
Another situation can be obtained by manipulating the val-
ues of ǫ and p in such way that F (1)µ (t)ǫ and F
(2)
µ (t)ǫ2 have
similar magnitudes. The presence F (1)µ (t)ǫ disturbs the trajec-
tory but does not change the final velocity vf obtained if only
F
(2)
µ (t)ǫ2 was considered. This case is illustrated in Fig. 3.c.
5Figure 3. Trajectories q(t) (continuous lines) of an object initially
(t → −∞) at rest, but free to move. (a) Illustration of q(t) when just
the term F (2)µ (t)ǫ2 is considered. The asymptotic final velocity vf is in-
dicated by the dashed line. (b) Illustration of q(t) when only the term
F
(1)
µ (t)ǫ is taken into account. The null contribution of this force to the
asymptotic final velocity of the object is indicated by the vertical inclina-
tion of the curve q(t) for t = +∞. (c) Illustration of q(t) when the sum
F
(1)
µ (t)ǫ + F
(2)
µ (t)ǫ
2 is considered. The trajectory is drawn by introducing
deformations on the curve shown in the case (a), but maintaining the same fi-
nal asymptotic final velocity vf . (d) Situation when all terms are considered:
F
(1)
µ (t)ǫ + F
(2)
µ (t)ǫ
2 + Fq(∂3t q(t), ∂
4
t q(t), ...). The net dissipation of the
kinetic energy by Fq(∂3t q(t), ∂
4
t q(t), ...), is indicated by the asymptotic ve-
locity v′
f
(with |v′
f
| < |vf |). For comparison purposes, the figure also show,
in gray lines, the situation described in (c), when Fq(∂3t q(t), ∂
4
t q(t), ...)was
neglected.
Finally, we can set up the values of ǫ and p
so that we have to consider all terms, F (1)µq (t)ǫ,
F
(2)
µq (t)ǫ2 and Fq(∂3t q(t), ∂
4
t q(t), ...). One can see that∫ +∞
−∞
Fq(∂
3
t q(t), ∂
4
t q(t), ...)q˙(t)dt < 0, so that its net action
is to dissipate energy of the object. This leads to a final
velocity v′f with a smaller magnitude if compared with
the velocity vf obtained if only F
(1)
µ (t)ǫ + F
(2)
µ (t)ǫ2 was
considered (|v′f | < |vf |). This situation is illustrated in Fig.
3.d.
VI. SUMMARY OF THE RESULTS AND FINAL
REMARKS
In the model proposed here, a static object, isolated from
everything and just interacting with the quantum vacuum, gets
in motion by exciting the vacuum. Then, the net action of the
vacuum field is in favor of the motion, instead of against, as it
occurs in the usual dynamical Casimir effect.
This motion requires a time variation of an internal param-
eter of the object [µ(t)], coupling it with the quantum vacuum
field. Resisting to this change, the vacuum field extracts en-
ergy from the object, converting this energy into real particles.
The motion also requires an asymmetrical vacuum excitation
on each side, which can be achieved by an interaction field-
object described by an asymmetric scattering matrix.
The mean force acting on the object due to µ(t) can be di-
vided in two parts, the forces F (1)µ (t)ǫ and F
(2)
µ (t)ǫ2. These
forces only exist (are non-null) owing to the asymmetry of
the object, which means that the asymmetry is fundamental to
the rise of these quantum forces. This can be viewed in the
present model by setting λ0 = 0, which implies in a non-null
symmetric particle creation in both sides of the object, but null
net momentum and mean forces.
The part of the force related to F (1)µ (t) is a manifestation of
the disturbed vacuum field in order ǫ, and the correspondent
force can remove the object from rest, but gives no contribu-
tion to the net momentum. On the other hand, the term related
to F (2)µ (t) is a manifestation of the disturbed vacuum field in
order ǫ2, and is a direct consequence of the momentum trans-
fer to the object by the created particles.
The forces, F (1)µ (t)ǫ and F
(2)
µ (t)ǫ2, described in the present
paper, are quantum forces emerged from the asymmetry and
time-varying internal properties. In conjunction with the dy-
namical Casimir force Fq(∂3t q(t), ∂
4
t q(t), ...), these 3 forces
define, in the approximation considered here, the trajectory of
the object. Finally, the object, starting from the rest, gets a
non-null asymptotic final velocity, so that, exciting the vac-
uum, it moves.
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